Total glucose in ovine uterine lumenal fluid increases 6-fold between Days 10 and 15 of gestation, but not the estrous cycle; however, mechanisms for glucose transport into the uterine lumen and uptake by conceptuses (embryo/fetus and associated membranes) are not established. This study determined the effects of the estrous cycle, pregnancy, progesterone (P4), and interferon tau (IFNT) on expression of both facilitative (SLC2A1, SLC2A3, and SLC2A4) and sodium-dependent (SLC5A1 and SLC5A11) glucose transporters in ovine uterine endometria from Days 10 to 16 of the estrous cycle and Days 10 to 20 of pregnancy, as well as in conceptuses from Days 10 to 20 of pregnancy. The SLC2A1 and SLC5A1 mRNAs and proteins were most abundant in uterine luminal epithelia and superficial glandular epithelia (LE/sGE), whereas SLC2A4 was present in stromal cells and glandular epithelia (GE). SLC5A11 mRNA was most abundant in endometrial GE, whereas SLC2A3 mRNA was not detectable in endometria. SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 were expressed in the trophectoderm and endoderm of conceptuses. Steady-state levels of SLC2A1, SLC5A1, and SLC5A11 mRNAs, but not SLC2A4 mRNA, were greater in endometria from pregnant than from cyclic ewes. Progesterone increased SLC2A1, SLC5A11, and SLC2A4 mRNAs in the LE/sGE and SLC5A1 in the GE of ovariectomized ewes. Expression of SLC5A1 was inhibited by ZK136,317 (progesterone receptor antagonist), and the combination of ZK136,317 and IFNT further decreased expression in GE. In constrast, P4 induced and IFNT stimulated expression of SLC2A1 and SLC5A11, and these effects were blocked by ZK136,317. Results of this study indicate differential expression of facilitative and sodium-dependent glucose transporters in ovine uteri and conceptuses for transport and uptake of glucose, and that P4 or P4 and IFNT regulate their expression during the periimplantation period of pregnancy.
INTRODUCTION
Glucose, a major nutrient for conceptuses (embryos and associated membranes) and cells of the uterus [1] , is delivered into the uterine lumen by glucose transporters [2, 3] because neither conceptuses nor uterine endometrium carry out gluconeogenesis. Transport of glucose from the maternal circulation into the uterine lumen is essential for pregnancy [4] . Glucose can also enhance trophoblast cell growth and proliferation by activating the glutamine:fructose-6-phosphate amidotransferase (GFAT)-mediated FK506-binding protein 12-rapamycin-associated protein 1 (FRAP1, formerly mTOR) signaling pathway [5] . Accordingly, total glucose in uterine lumenal fluid increased 6-fold between Days 10 and 15 of gestation in ewes [6] in association with rapid blastocyst growth and development from spherical to tubular and filamentous conceptuses [7] .
Transport of glucose across the plasma membrane can be mediated by one or more members of two distinct families of glucose transporters: facilitative transporters (solute carriers SLC2A, common name GLUT) and sodium-dependent transporters (sodium/glucose cotransporters SLC5A, common name SGLT) [8] . Facilitative glucose transporters are present in developing conceptuses, and 13 family members (SLC2A1 to SLC2A12 and the H þ -coupled myo-inositol transporter [SLC2A13, common name HMIT]) have, based on order of discovery, been reported. Most of these are expressed in preimplantation blastocysts, although it is uncertain whether SLC2A2 and SLC2A4 are expressed in preimplantation blastocysts [9] . The solute carrier family 2 (facilitated glucose transporter) member 1 (Slc2a1) may be important for transporting glucose into the mouse uterus and conceptuses [10] . Because of its ubiquitous nature in humans [11] and high abundance in peri-implantation bovine conceptuses [12] , SLC2A3 plays a critical role in embryonic development that cannot be compensated for by overexpression of SLC2A1 [13] . SLC2A3 has a low K m (the concentration of glucose at which there is half-maximal rate of transport) value for glucose [14] and exhibits polarized expression in compaction-stage embryos [10] . SLC2A4 has been identified in the trophectoderm and endoderm of bovine [12] , rabbit, rat, and murine [9] blastocysts. Expression of SLCA4 in syncytiotrophoblasts can be regulated by insulin and glucose in the maternal circulation [15] , presumably to regulate uptake of glucose by conceptuses. Despite intensive studies on facilitative glucose transporters, little is known about sodium-dependent glucose transporters (SGLTs) in preimplantation conceptuses [9] . It is noteworthy that SGLTs transport glucose against electrochemical gradients, which is likely important for transport of glucose from the endometrium into the uterine lumen [16] .
There is a lack of information in the scientific literature on glucose transporters in the uteri and conceptuses of domestic animals, such as ruminants, in which conceptuses undergo rapid growth and development during a protracted periimplantation period [17] . However, expression of glucose transporters in the uterus and conceptus is likely important for ensuring glucose availability to conceptuses. We hypothesize that both facilitative (SLC2A1, SLC2A3, and SLC2A4) and sodium-dependent (SLC5A1 and SLC5A11) glucose transporters are expressed in ovine uterine endometria and conceptuses during the peri-implantation period of early pregnancy and that endometrial glucose transporters are regulated by progesterone (P4) and/or interferon tau (IFNT). Therefore, this study determined: 1) the temporal and cell-specific changes in the expression of glucose transporters in the uteri of cyclic and pregnant ewes as well as in conceptuses; and 2) effects of P4 and IFNT on cell-specific expression of glucose transporters in the endometrium.
MATERIALS AND METHODS

Animals
Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of vasectomized rams and used in experiments only after they had exhibited at least two estrous cycles of normal duration (16-18 days Experimental Designs Experiment 1. At estrus (Day 0), ewes were mated to either an intact or a vasectomized ram and then hysterectomized (n ¼ 5 ewes per day) on Day 10, 12, 14, or 16 of the estrous cycle and on Day 10, 12, 14, 16, 18 , or 20 of pregnancy. On Days 10-16 after mating, uteri were flushed with 20 ml sterile saline, and pregnancy was confirmed by the presence of a morphologically normal conceptus in the uterine flushing. Uterine flushings were clarified by centrifugation (3000 3 g for 30 min at 48C), and conceptuses were fixed in fresh 4% paraformaldehyde (prepared in PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded series of alcohol to xylene and embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). It was not possible to obtain uterine flushes on either Day 18 or Day 20 of pregnancy because the conceptus had firmly adhered to the endometrial luminal epithelium (LE) and basal lamina; therefore, care was taken to maintain conceptus-uterine contact, and uterine tissues were fixed in fresh 4% paraformaldehyde (prepared in PBS, pH 7.2) and ethanol, dehydrated, and embedded in Paraplast-Plus as described above. In monovulatory pregnant ewes, uterine tissue samples were marked as either contralateral or ipsilateral to the ovary bearing the corpus luteum (CL). No tissues from the contralateral uterine horn were used for this study. Sections (;0.5 cm) from the midportion of each uterine horn ipsilateral to the CL were fixed in fresh 4% paraformaldehyde for eventual embedding in Paraplast-Plus as described above. The remaining endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Experiment 2. This experiment was conducted to confirm results from experiment 1 with samples only from pregnant ewes for which recoveries of volumes of each uterine flushing were known. At estrus (Day 0), ewes were mated to a fertile ram. On Days 13, 14, 15, and 16 of pregnancy, uteri (n ! 5 ewes per day) were flushed with sterile Tris buffer (10 mM, pH 7.0), and conceptuses were collected from uterine flushings. In addition, ewes were hysterectomized (n ¼ 5) on Day 18 after mating, and conceptuses were separated from uterine tissues. All conceptuses were fixed in fresh 4% paraformaldehyde and finally embedded in Paraplast-Plus as described for experiment 1. 
. All ewes were hysterectomized on Day 17. The recombinant ovine IFNT was produced in a yeast expression system and was assayed for antiviral activity as described previously [19] . Control serum proteins and IFNT were prepared for intrauterine injections as described previously [20] . The uteri were processed for histology and the endometrium removed for RNA extraction as described for experiment 1.
RNA Isolation
Total cellular RNA was isolated from frozen endometrium using Trizol reagent (Gibco-BRL) according to the manufacturer's recommendations. The quantity and quality of total RNA were determined using spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11
Partial cDNAs for ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 mRNAs were amplified by RT-PCR of total RNA from ovine endometrium on Day 20 of pregnancy using primers as summarized in Table 1 . Polymerase chain reaction amplification was as follows: 1) 958C for 2 min; 2) 958C for 30 sec, 508C for 45 sec, and 728C for 1 min for 35 cycles; and 3) 728C for 7 min. Partial ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 cDNAs were cloned into pCRII using a T/A Cloning Kit (Invitrogen), and their sequences determined using an ABI PRISM Dye Terminator Cycle Sequencing Kit and an ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems).
Slot Blot Hybridization Analyses
Steady-state levels for SLC2A1, SLC2A4, SLC5A1, and SLC5A11 mRNAs in ovine endometria from experiments 1 and 2 were assessed by slot blot hybridization analysis as described previously [21] . Antisense cRNA probes were generated using linearized plasmid template by in vitro transcription with [a-32 P]-UTP. Denatured total endometrial RNA (20 lg) from each ewe was hybridized with radiolabeled cRNA probes. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion). Following washing, the blots were digested with ribonuclease A, and the radioactivity associated with slots was quantified using a Typhoon 8600 MultiImager (Molecular Dynamics). Data are presented as relative units.
In Situ Hybridization Analyses
Locations of SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 mRNAs in sections (5 lm) of ovine uteri and conceptuses were determined using radioactive in situ hybridization analysis as described previously [21] . Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with either a radiolabeled antisense or sense cRNA probe generated by in vitro transcription with the appropriate RNA polymerase and linearized plasmid template. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak) and exposed 
Immunohistochemical Analyses
Immunoreactive SLC2A1, SLC2A4, and SLC5A1 proteins were localized in ovine uterine and conceptus tissues as described previously [22] . A rabbit anti-rat SLC2A1 polyclonal immunoglobulin (IgG; catalog no. ab14683; Abcam Inc., Cambridge, MA), rabbit anti-SLC2A4 polyclonal IgG (catalog no. ab41529; Abcam Inc.), and rabbit anti-SLC5A1 polyclonal IgG (catalog no. ab14685; Abcam Inc.) were used at 1 lg/ml, 1 lg/ml, and 2 lg/ml final concentrations, respectively. Antigen retrieval was performed using a boiling citrate buffer. Purified nonrelevant rabbit IgG at the same concentration was used as a negative control. Immunoreactive protein was visualized in sections using the Vectastain ABC Kit (catalog no. PK-6101; Vector Laboratories Inc., Burlingame, CA) according to kit instructions and 3,3 0 -diaminobenzidine tetrahydrochloride (catolog no. D5637; Sigma-Aldrich, St. Louis MO) as the color substrate. Sections were not counterstained before coverslips were affixed.
Statistics
All quantitative data were subjected to least-squares analysis of variance (ANOVA) using the general linear models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Data in experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interaction. Effects of day within status were determined by regression analysis. Data from experiment 3 were analyzed using preplanned orthogonal contrasts (P4 þ CX versus P4 þ IFNT, P4 þ CX versus P4 þ ZK136,317 þ CX, and P4 þ IFNT versus P4 þ ZK136,317 þ IFNT). Data are presented as least-squares means (LSMs) with overall standard errors (SE).
RESULTS
Effects of Day of the Estrous Cycle and Pregnancy on SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 mRNAs in Ovine Endometria and Conceptuses
Slot blot hybridization analyses revealed temporal changes in steady-state mRNA levels for SLC2A1, SLC2A4, SLC5A1, and SLC5A11 in uterine endometria during the estrous cycle and early pregnancy (Fig. 1) . As illustrated in Figure 1A , endometrial SLC2A1 mRNA levels increased in pregnant but not cyclic ewes between Days 10 and 16 (day 3 status, P , 0.02). In pregnant ewes, endometrial SLC2A1 mRNA levels increased between Days 10 and 14 and remained elevated to Day 20 (quadratic effect of day, P , 0.01). Endometrial SLC2A4 mRNA levels were not affected by day of the estrous cycle (P . 0.10) or pregnancy status (day 3 status, P . 0.10). SLC5A1 mRNA levels between Days 10 and 16 were affected by day and pregnancy status (P , 0.05). In cyclic ewes, SLC5A1 mRNA levels increased between Days 10 and 14 and then declined to Day 16 (quadratic effect of day, P , 0.05). In pregnant ewes, endometrial SLC5A1 mRNA levels increased between Days 10 and 16 and then declined to Day 20 (quadratic effect of day, P , 0.001). Overall, the abundance of SLC5A11 mRNA was greater in the endometria of pregnant than of cyclic ewes (day 3 status, P , 0.05) between Days 10 and 16. In cyclic ewes, SLC5A11 mRNA increased between Days 10 and 14 and decreased to Day 16 (quadratic effect of day, P , 0.01), whereas SLC5A11 mRNA increased between Days 10 and 20 of pregnancy (linear effect of day, P , 0.05).
As illustrated in Figure 2A , SLC2A1 mRNA was detected in the LE and superficial glandular epithelia (sGE) of cyclic and pregnant ewes as well as in the extraembryonic endoderm and trophectoderm of conceptuses between Days 14 and 20 of pregnancy. SLC2A4 mRNA was detected at low levels in LE/ sGE, glandular epithelia (GE), and stromal cells of endometria from cyclic ewes, but was more abundant in pregnant ewes. SLC2A4 mRNA also was expressed in the extraembryonic endoderm and trophectoderm of conceptuses; however, SLC2A4 mRNA was not detectable at Day 20 of pregnancy (Fig. 2C) . In contrast to SLC2A1 and SLC2A4, SLC2A3 mRNA was present exclusively and abundantly in the extraembryonic endoderm and trophectoderm of conceptuses between Days 12 and 20 of pregnancy (Fig. 2B) .
As illustrated in Figure 3 , SLC5A1 mRNA was abundant in the LE/sGE and GE of uterine endometria between Days 12 and 14 of the estrous cycle, but was very low on Day 16. In   FIG. 1 . Steady-state levels of SLC2A1, SLC2A4, SLC5A1, and SLC5A11 mRNAs in the endometria of cyclic and pregnant ewes. A) Endometrial SLC2A1 mRNA was not affected by day (P . 0.10) in cyclic ewes, but increased in pregnant ewes (day 3 status, P , 0.02) between Days 10 and 14 and remained elevated thereafter (quadratic, P , 0.01). B) Endometrial SLC2A4 mRNA did not change (P ¼ (Fig. 3A) . SLC5A11 mRNA was detectable in uterine GE on Days 12-14 of the estrous cycle and Days 10-20 of pregnancy. In cyclic ewes, SLC5A11 mRNA abundance was greatest on Days 12-14, but very low on Day 16. In pregnant ewes, SLC5A11 mRNA abundance was low on Day 10, increased to Day 12, and remained elevated to Day 20. Both SLC5A1 and SLC5A11 mRNAs were detectable at low levels in the extraembryonic endoderm and trophectoderm of conceptuses between Days 13 and 18 of pregnancy (Fig. 3B) .
Immunohistochemical Analysis of SLC2A1, SLC2A4, and SLC5A1 Protein in Ovine Endometria and Conceptuses
Immunoreactive SLC2A1 protein was detectable in the uterine LE/sGE and GE of cyclic and pregnant ewes, as well as the extraembryonic endoderm and trophectoderm of conceptuses, but LE/sGE expression was greater in pregnant than in cyclic tissues. In cyclic ewes, SLC2A1 protein was most abundant in the LE on Day 14. In pregnant ewes, the abundance of SLC2A1 protein was similar between Days 10 and 12, increased to Day 14, and then decreased to Day 20 (Fig. 4) . In conceptuses, SLC2A1 protein was more abundant in the extraembryonic endoderm than the trophectoderm between Days 13 and 18, and then decreased to Day 20 (Fig.  4) .
The SLC2A4 and SLC5A1 proteins were detectable in the LE/sGE, GE, and stromal cells of endometria of cyclic and pregnant ewes, as well as the extraembryonic endoderm and trophectoderm of conceptuses. These two proteins were most abundant in the uterine LE and GE. The abundance of SLC2A4 in the uterine LE and GE was uniform from Days 10 to 16 of the estrous cycle and pregnancy, but decreased in the LE between Days 18 and 20 of pregnancy. SLC2A4 protein was detectable in the trophectoderm and extraembryonic endoderm of conceptuses on Days 13 to 20 of pregnancy (Fig. 4) . In cyclic ewes, SLC5A1 protein was most abundant on Day 14, whereas its abundance increased between Days 12 and 14 of pregnancy, particularly on the apical surface of the LE/sGE, but decreased thereafter. In conceptuses, SLC5A1 protein in the extraembryonic endoderm and trophectoderm was similar in abundance between Days 13 and 18 of pregnancy (Fig. 4) .
Effects of P4 and IFNT on Endometrial SLC2A1
As illustrated in Figure 5A , treatment of ewes with P4 increased steady-state levels of endometrial SLC2A1 mRNA by 4.2-fold (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.02). Intrauterine infusion of IFNT increased SLC2A1 mRNA levels by 2.1-fold (P4 þ CX versus P4 þ IFNT; P , 0.01), but not in ewes treated with the PGR antagonist (P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P . 0.10). In situ hybridization analyses (Fig. 5B ) and immunohistochemical analyses (Fig. 5C ) revealed that effects of P4 and IFNT on SLC2A1 mRNA and protein were primarily on the endometrial LE/sGE. These results indicate that SLC2A1 is a P4-induced and IFNT-stimulated gene in endometrial LE/sGE of the ovine uterus.
P4 Regulates SLC2A4 in the Endometrium
Treatment of ewes with P4 tended to increase SLC2A4 mRNA in the endometrium (P4 þ CX versus P4 þ ZK136,317 þ CX; P ¼ 0.076), whereas combined effects of P4 and IFNT increased SLC2A4 mRNA levels 1.9-fold (P4 þ IFNT versus P4 þ ZK136,317 þ IFNT; P , 0.01). However, SLC2A4 mRNA levels were not affected by intrauterine infusion of IFNT in P4-treated ewes (P4 þ CX versus P4 þ IFNT; P ¼ 0.376; Fig. 6A ). Results from in situ hybridization and immunohistochemical analyses indicated that SLC2A4 mRNA and protein were more abundant in the LE/sGE of P4 þ CXtreated and P4 þ IFNT-treated ewes (Fig. 6, B and C) . Interestingly, SLC2A4 mRNA abundance in the GE was not affected by either P4 or IFNT treatments.
P4 Stimulates SLC5A1 in the Endometrium
SLC5A1 mRNA levels were higher in ewes treated with P4 regardless of intrauterine protein treatment (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.01 and P4 þ IFNT versus P4 þ ZK136,317 þ IFNT; P , 0.05; Fig. 7A ). In situ hybridization and immunohistochemical analyses revealed that P4 increased SLC5A1 mRNA (Fig. 7B) and protein (Fig. 7C ) in endometrial LE/sGE and GE.
P4 Induced and IFNT Stimulated Expression of SLC5A11
Steady-state levels of endometrial SLC5A11 mRNA were 5.2-fold greater in P4-treated ewes (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.001) and 5-fold higher in P4-treated ewes infused with IFNT (P4 þ CX versus P4 þ IFNT; P , 0.02; Fig. 8A ). However, IFNT alone did not increase SLC5A11 mRNA in P4 þ ZK136,317-treated ewes (P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P . 0.80). In situ hybridization analysis revealed that P4 and IFNT increased SLC5A11 mRNA in the LE/sGE and GE. Further, SLC5A11 mRNA was more abundant in the stroma of P4 þ IFNT-treated compared with P4 þ CX-treated and P4 þ ZK136,317 þ IFNT-treated ewes (Fig. 8B) . Interestingly, SLC5A11 mRNA was not detected in the endometrial stroma of cyclic and pregnant ewes (Fig. 3B) .
DISCUSSION
Glucose is essential to conceptus survival, growth, and development [1] . However, little is known about the transport of glucose from maternal blood into the uterine lumen of mammals. This report is the first to describe developmentally regulated and hormonally induced changes in the expression of both facilitative and sodium-dependent glucose transporters in ovine uteri and conceptuses during the peri-implantation period. Novel findings supported by the results include: 1) differential expression of glucose transporters in ovine uteri during the estrous cycle and early pregnancy; 2) SLC2A3 expression unique to ovine conceptuses; 3) sodium-dependent glucose transporters, SLC5A1 and SLC5A11, expressed in both conceptuses and uterine endometria; 4) identification of SLC2A1 and SLC5A11 as P4-induced and IFNT-stimulated genes in uterine LE/sGE; and 5) evidence that SLC5A1 expression is induced by P4 in the LE and sGE during early pregnancy. Thus, one facilitative glucose transporter (SLC2A1) and one sodium-dependent glucose transporter (SLC5A11) were induced by P4 and stimulated by IFNT, primarily in the LE/sGE, to which the trophectoderm of developing conceptuses adheres and attached initially, whereas the trophectoderm and endoderm of conceptuses express both facilitative (SLC2A1, SLC2A3, and SLC2A4) and sodium-dependent (SLC5A1 and SLC5A11) glucose transporters. These results provide further evidence that IFNT not only serves as the pregnancy recognition signal in ruminants, but also acts in concert with P4 to influence expression of genes critical for the and SLC5A11 mRNAs in uteri from cyclic (C) and pregnant (P) ewes and conceptuses. A) SLC5A1 mRNA was detected primarily in the LE and GE of cyclic and pregnant ewes, but was present in very low abundance in the trophectoderm and extraembryonic endoderm of conceptuses. B) SLC5A11 mRNA was present primarily in the uterine GE of cyclic and pregnant ewes, but was in very low abundance in the trophectoderm and extraembryonic endoderm of conceptuses. S, Stroma; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm.
FIG. 4. Immunohistochemical localization of SLC2A1, SLC2A4
, and SLC5A1 protein in uteri from cyclic (C) and pregnant (P) ewes. A) SLC2A1 protein was present in the LE/sGE and middle GE of endometria from cyclic and pregnant ewes, as well as the extraembryonic endoderm and trophectoderm of conceptuses. SLC2A1 protein was abundant in the LE/sGE of endometria and the extraembryonic endoderm of conceptuses. B) Immunoreactive SLC2A4 protein was detected in the LE, GE, and stromal cells of endometria from cyclic and pregnant ewes, as well as the extraembryonc endoderm and trophectoderm of conceptuses. SLC2A4 protein was present mainly in uterine LE and GE. C) Immunoreactive SLC5A1 protein was detected in the LE, GE, and stroma of endometria of cyclic and pregnant ewes, but was most abundant in the LE and GE, and in the extraembryonic endoderm and trophectoderm of conceptuses. S, Stroma; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm.
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establishment of a uterine environment that supports conceptus development and implantation [23, 24] . There are reports of differential expression of facilitative glucose transporters in the uterine endometria and embryos of humans and rodents [25] [26] [27] [28] . Results of the present study indicate that SLC2A1 mRNA and protein are expressed mainly in the LE/sGE and middle GE of endometria, as well as the trophectoderm and extraembryonic endoderm of ovine conceptuses. Further, SLC2A4 mRNA and protein are present in most cell types of ovine uterine endometria, but are most abundant in the LE, as well as the trophectoderm and extraembryonic endoderm of conceptuses during early pregnancy. In contrast, SLC2A3 was localized exclusively to the trophectoderm and extraembryonic endoderm of ovine conceptuses, as reported for rats [26, 27] and humans [28] . Differential expression of these members of the glucose transporter family suggests that they have tissue-and/or cell-FIG. 5. Effects of P4 and IFNT on SLC2A1 expression in ovine endometria. A) SLC2A1 mRNA was induced by P4 (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.02) and stimulated by intrauterine IFNT (P4 þ CX versus P4 þ IFNT; P , 0.01). The effects of P4 and IFNT were blocked by ZK136,317, a progesterone receptor antagonist (P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P . 0.10). Different lowercase letters denote significant (P , 0.05) differences among treatments. Further, P4 induced and IFNT stimulated SLC2A1 mRNA (B) and protein (C) primarily in endometrial LE/sGE. S, Stroma. Bar ¼ 10 lm.
FIG. 6. Effects of P4
and IFNT on SLC2A4 expression in ovine endometria. A) SLC2A4 expression appeared to be independent of effects of P4 (P4 þ CX versus P4 þ ZK136,317 þ CX; P ¼ 0.076) and P4 and IFNT; however, ewes receiving intrauterine IFNT and P4 and ZK136,317 had lower levels of SLC2A4 mRNA (P4 þ IFNT versus P4 þ ZK136,317 þ IFNT; P , 0.01). IFNT alone did not affect SLC2A4 mRNA levels in ewes receiving the progesterone receptor antagonist (P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P . 0.1), and there was no additive effect of IFNT and P4 on SLC2A4 expression (P4 þ CX versus P4 þ IFNT, P ¼ 0.376). Different lowercase letters denote significant differences among the treatments. Further, P4 stimulated and ZK136,317 reduced SLC2A4 mRNA (B) and protein (C) in the LE, but not SLC2A4 protein in the GE. S, Stroma. Bar ¼ 10 lm.
specific roles in glucose metabolism during pregnancy. Of particular interest, SLC2A3 expression is limited to the conceptuses for glucose uptake from the uterine lumen, whereas SLC2A1 and SLC2A4 contribute to transport of glucose into the uterine lumen by cells of the endometrium. In mice, null mutation of Slc2a3 resulted in early pregnancy loss and fetal growth restriction, indicating that functions of SLC2A3 cannot be assumed by other glucose transporters [13] . Therefore, SLC2A3 plays a critical role in embryonic survival and development, and the differential functions of glucose transporters in uterine endometria and conceptuses do not appear to be species specific [25] [26] [27] .
In contrast to intensive studies on facilitative glucose transporters in uteri and placentae, the role(s) of sodiumdependent glucose transporters in uterine physiology has not been reported. In the present study, SLC5A1 mRNA and protein were present in the LE/sGE and GE of ovine endometria, whereas SLC5A11 mRNA was most abundant in LE/sGE. Interestingly, SLC5A1 protein was abundant in the endometria of cyclic and pregnant ewes and in conceptuses (Fig. 4) , whereas relatively low levels of SLC5A1 mRNA were detected in the endometria on Day 10 of the estrous cycle and pregnancy and in conceptuses. This discrepancy may be explained by posttranscriptional regulation of SLC5A1 expression. Similar results reported for Slc2a3 in rat uteri [27] were attributed to a low rate of degradation of this transporter protein or stabilization of its mRNA [26] . Therefore, transcriptional regulation of SLC5A1 and SLC5A11 genes, in combination with posttranscriptional regulation, may allow them to meet their physiological functions according to the stage of the estrous cycle and pregnancy. Although the underlying mechanisms are unknown and warrant further investigation, we hypothesize that sodium-dependent glucose transporters play important roles in the transport of glucose from the uterine endometrium into the uterine lumen and its uptake by FIG. 7 . Effects of P4 and IFNT on SLC5A1 expression in ovine endometria. A) SLC5A1 mRNA in endometria was induced by P4 (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.01 and P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P , 0.05), but intrauterine IFNT had no effect (P4 þ CX versus P4 þ IFNT; P . 0.10). Different lowercase letters denote significant differences among the treatments. B) Effects of P4 and IFNT on SLC5A1 mRNA were primarily in endometrial GE, because SLC5A1 mRNA was not detected in endometrial LE. C) SLC5A1 protein in the LE and sGE was decreased by ZK136,317 (P4 þ ZK136,317 þ CX and P4 þ ZK136,317 þ IFNT), but maintained by treatment with P4 or P4 and IFNT (P4 þ CX and P4 þ IFNT); however, there was no effect of treatment on SLC5A1 protein in GE. S, Stroma. Bar ¼ 10 lm.
FIG. 8. Effects of P4
and IFNT on SLC5A11 expression in ovine endometria. A) Endometrial SLC5A11 mRNA was induced by P4 (P4 þ CX versus P4 þ ZK136,317 þ CX; P , 0.001) and stimulated by intrauterine IFNT (P4 þ CX versus P4 þ IFNT; P , 0.02). These effects were blocked by ZK136,317, a progesterone receptor antagonist (P4 þ ZK136,317 þ CX versus P4 þ ZK136,317 þ IFNT; P . 0.80). Different lowercase letters denote significant differences among treatments. B) Effects of P4 and IFNT on SLC5A11 mRNA were primarily in the uterine LE/sGE, but to some extent in the GE. S, Stroma. Bar ¼ 10 lm.
conceptuses. In addition, sodium-dependent glucose transporters (e.g., SLC5A1) may function to transport sodium, urea, and water as a uniporter [29] .
Results of the present study demonstrate for the first time that P4 and IFNT regulate expression of glucose transporters in the ovine uterus. Both SLC2A1 and SLC5A11 expressions in ovine uterine endometria were induced by P4 and stimulated by IFNT, whereas SLC2A4 and SLC5A1 expressions were induced by P4 but not stimulated by IFNT. In ruminants, the pregnant uterus is sensitive to hormonal regulation by the timely interplay of estrogen, P4, IFNT, chorionic somatomammotropin hormone 1 (CSH1, or placental lactogen), and placental growth hormone 1 (GH). These hormones constitute a servomechanism, which controls endometrial gland morphogenesis and secretory function, as well as uterine growth during gestation [18, 30] . The stimulatory effects of P4 and/or IFNT on expression of glucose transporters likely play a critical role in the transport of glucose across the endometrium and into the uterine lumen to support conceptus growth and development during the critical peri-implantation stage. At present, the molecular mechanisms for these effects of P4 and IFNT on the expression of glucose transporters are not known. Notably, mammalian conceptuses exist in a relatively hypoxic uterine environment, so actions of P4 may include stimulation of hypoxia-inducible factors via distinct cis-acting sequences [31] [32] [33] . For example, hypoxia appears to independently increase levels of placental SLC2A1 in rats and sheep to modify effects of glucose, which can also affect SLC2A1 expression in the placentae of these species [34] .
In summary, results of the present study indicate differential expression of both facilitative and sodium-dependent glucose transporters in ovine uterine endometria and conceptuses during the critical peri-implantation period, and demonstrate the stimulatory effects of pregnancy, P4, and IFNT on the expression of glucose transporter genes, particularly the P4-induced and IFNT-stimulated expression of both a facilitative (SLC2A) and a sodium-dependent (SLC5A11) glucose transporter, primarily in LE/sGE, that participate in initial attachment between trophectoderm and uterine epithelia during the peri-implantation period of pregnancy. Although not addressed in this study, it is likely that glucose transporters in endometrial epithelial cells are differentially expressed on the apical and lateral/basal membranes. Further, in pregnant ewes, facilitative glucose transporters could transport glucose from plasma (2.5-3 mM glucose) across the basal and lateral membranes into endometrial epithelial cells (,1 mM glucose), whereas sodium-dependent glucose transporters may facilitate transport of glucose from endometrial epithelial cells (glucose concentrations ,1 mM) across the apical membrane into uterine luminal fluid (glucose concentrations .2 mM) between Days 10 and 16 of gestation. Therefore, both facilitative and Na-dependent glucose transporters likely function to optimize transport of glucose from plasma into the uterine lumen to support growth and development of the conceptuses.
These novel observations contribute to understanding of mechanisms regulating glucose homeostasis in conceptuses and improving pregnancy outcomes in mammals. Glucose and glutamine are major energy sources for conceptuses during development. In addition, these nutrients can regulate conceptus growth and development by acting through the glutamine fructose-6-phosphate amidotransferase (GFPT, common name GFAT)-mediated FKBP12-rapamycin complex-associated protein 1 (FRAP1, formerly mTOR) signaling pathway [5] .
Results of the present study have provided the rationale for current studies that are focused on the effects of glucose on trophectoderm differentiation and gene expression mediated via the FRAP1-dependent cell signaling pathways [5, 9] critical to establishment and maintenance of pregnancy.
